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SUMMARY

T™e response to slde and rolling guste of an asirplane in combinaetion
with several types of sutopllots was examined in a previous investigation
(NACA TN 3603). The type of autopilot considered in the present investi-
gation, In which heading commands are spplied to the ailileron chammel, was
found in the previous Investigatlion to have an undesirebly lerge roll and
yaw response to side gusts; however, this type of aubopllot wvas found to
have certain sallent festures providing good turning response to lateral-
steering commands.

The present investigation 1s concerned with a study of the means for
reducing the response to side gusts. The results indicete that, through
falrly minor modifications to the rudder chamnel, the response to side
gusts can be noticeably reduced. These modifications have no significant
effect on the command response.

INTRODUCTION

T™he usefulness of aubtopllots in providing airplanes with long-period
stebllity has been recognized for many years. Recently, the use of auto-
pilots to provide precise control under maneuvering conditions has
become prevelent; however, the requlirement still remeins thet auto-
pllots provide edequate regulation of disturbances to the airplane such
as those which result from atmospheric turbulence. Unfortumnately, the
autopllot characteristics desirable In one applicetion may detrimentally
affect the performance in another. The study reported in reference 1,
for example, indicates that an autopllot providing a rapld course response
to lateral-steering conmands has undeslrably large rolling end yawing
response to slde gusts. Slnce no extensive study hes been msde of the
gust response of autopillot systems, 1t was felt that this dlfficulty might
not be basiec, but that the gust-response characteristics might be lmproved
without deterioreting the commend characteristics. Hence, a simplified
theoretical study of thls possiblillity was undertaken.
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This study wes the basis for the present paper which deals with
means for compensating the roll and ysw response to slde gusts of a
fighter eirplsne in combination with an autopilot. The sutopilot inves-
tigated 1s of the type which applies heading signals to the ailleron
chennel. One flight comdition, an altitude of 30,000 feet and a Mach
number of 0.7, was studled. Results are presented which compare the
response to side gusts of the original and compenseting autopilots; the
responses to commends are presented also. -

SYMBOLS
L
Cr, 1ift coefficient, &
Ll
Ca rolling-moment coefficient, ES—b
Cn yawing-moment coefflclent, A
aSb
Cy slde~force coefficient, L -
g8
b wing span, ft
D nondimensional operstor, _Bv_
Tyy, sirplane product of inertia, slug-ft2
1 =1
K autopllot gain constant
Ky nondimensional radius of gyration sbout X stability exis,
b
Kz . nondimensionsl redius of gyration about Z stability axis,
%z
b

ky redius of gyretion sbout X ' stability exis, £t

.
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ky redius of gyration sbout Z stability axis, ft
Kyo, nondimensional product of inertis, 5%
my
L 1ift, 1b
L rolling moment, £t-1b
iy reatio of vertical-tell length to wing span
ig ratio of distance between center of pressure of vertical
tail and X stebllity exis to wing span
m mass of alrplane, slugs
N yawing moment, f£t-1b
PSD power spectrel density
P rolling sngulsr veloclty, radiens/sec
q dynemic pressure, %‘pve, 1b/sq £t
r yawing anguler velocity, radisns/sec
S wing eres, sq £t
8 dimensionel opereator, Ba_-b’ sec™1
% time, sec
v elrspeed, f£t/sec
Y slde force, 1b
B angle of sideslip, redians
B output signel Prom filter of gust-compenseting autopilot
3 control deflectlon, redians
n airplane density ratio, -B—

pSb

p air density, slugs/cu £t
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angle of sidewash at verticasl tail, radlens

time constent of filter in gust-c;ompensa.tin_g system, sec
engle of roll, radilens _

angle of yaw or heeding, rad.ians"

circular frequency, radiens/sec

alleron
command
due to gust
in st111 alr

yawing velocity; r also indicates rudder when referring
to deflections & .

vertlcal tall
wing-body combinstion

sideslip, roll, and yaw feedbacks in autopilot loops,
respectively

Stablility derivativee are denoted symbolically through use of subscript

notation.

* aC,
o. =%n
o I

For example:

o . %
28 ~ 3028
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DESCRIPTION OF AIRPTANE AND AUTOPILOT
Alrplene

The anslysis was applied to a Jet-propelled fighter sirplane with
unswept wings. This alrplane wes chosen because 1t is currently being
employed et the Iangley Aeronsuticel Laborstory In e fllght Investigation
of the basic type of autopllot conslidered herein. A drawing of the alr-
plene is presented in figure 1, and pertinent dimenslions and other
physicel characteristics ere given in teble I. All calculations were
made for one flight condition, a Mach number of 0.7 end an altitude of
30,000 feet.

The stabllity derivatives for the slrplene were estimated from
unpublished dete and are presented in table IT. The alrplene transfer
functions relating pertinent response parameters to rudder and alleron
deflections and to side-gust inputs were obtained in the manner described
in reference 1. These transfer fumctions were then simplified by elim-
inating certaln degrees of freedom. The valldity of these simplifice-
tione for analysis of the present airplene-autopllot comblnation was
checked In reference 1 by comparing results obtained by using the simpli-
fled concepts with those obtained by using the three-degree-of-freedom
equatlons. Some sample three-degree-of-freedom responses to slde gusts,
wilth corresponding results obtained by the simpYified analysls, are shown
in figure 2. 'The agreement is felt to be, satisfactory. The simplified
transfer functions used are presented in table IT.

Baslc Auteopilot

T™e baesic autopilot considered herein is representatlve of a produc-
tion type that Is currently used Iin fighter alrplenes. A block diagram
of the alrplane-subopilot system 1s presented in figure 3. Only the
alleron and rudder chasnnels of the autopllot were considered since only
responses to side gusts were studied and since the longltudinal and
lateral motions of the ailrplane were assumed to be uncoupled. The rudder
channel. incorporated yaw-rate feedback for damping of the Dutch roll
osclllation and sildeslip feedback for sidesllip regulation. The alleron
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channel incorporeted roll-angle feedback to provide roll stability end,

in sddition, incorporated a heading signel to cause the airplame to roll
in order to reduce heading errors. The block diagrsm shown in figure &

is a simplified version of the complete basic airplane-sutopilot system.
This simplified system was used in the present analysis.

Gust~Caompensating Autopilot

The response of the airplene-sutopilot configuretion shown in fig-
ure 3 has been studied previously (ref. 1), and the system has been
found to have an undesirably large roll and yaw response to side gusts.
The modified system shown in figure 5 1s intended to elleviete these
.poor gust-response characteristics while maintaining the desiraeble commani
characteristics of the basic autopilot. A simplified version of the
modified asutopilot, presented in & block diagram in figure 6, was used
for enelysls. Two modifications, which consisted of passing ‘the signal
from the sldeslip vane through s low-~pass filter and of pessing = yaw=-
rate signal through the same filter, were made in the rudder chammel.
(See fig. 5.) The resulting rudder charmel has & dual-mode type of
operation. The rudder regulates sideslip during commended heading changes,
but regulates heading during side-gust dis@;z_-banclas (exc_ep'b over some low
band of frequencies determined by the filter time constant oyer which
sideslip is regulated). Achievement of this operstion 1s based on the
essumption that the sideslip generated with respect to the statlionary
air mass P, 1s equal to the negetive of the yaw angle V. Except at
low frequencies, this assumption very closely approximates a conditiom
exlsting for current alrplanes whose side forces are low in comparison
to their weight. In more detail, what occurs in the rudder loop is that
at low frequencles the yaw-rate signals are negligible and the sideslip
signal 1s passed unattenusted through the filter. The primery purposes
of the filter are to cut off the signsel fram the sideslip vene at high
frequencies and to integrate the yawing-velocity sigoel at high frequen-
cies, thereby providing heading regulation. In still eir this integrated
rate signael slso provides regulation of sideslip, since, with respect to
the stationary air mass, V¥ 1s approximately equal to -B. A complete
discussion of the filters of the type used in this investigetion is
presented in reference 2. -

The relations between the feedback qupntity In the outer loop of
the rudder chanpiel and the quentities ¥, B, and By may be developed

analytically through refe:;-ence to figure 5, end can be written

- TeV (1)

= -

14+ T8 1+ 78
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For commend inputs in stlll air (a.ssuming that Bo = -\lr) ’

B = Bo

- B T8B
B=l+1‘s+1+-rs=B (2)

Thus, sideslip is regulated at all frequencies.

For side-gust Inputs (a.sstming that Bg = -ﬂr) 9

B = Bg + Bo
and
Bg + Bo  TSBo B
T+t "I+t 1+ TPk (3)

Thus, sldeslip due to side gusts 1s atbenuated gbove some frequency
determined by the time constant T, whereas sideslip with respect to
st1ll ailr is regulated at all frequencies. Equation (1) from snother
viewpoint indicates that, for side-gust imputs, B =pf as @o—>0
(sideslip is regulated) end B = -y as w—>o (heading 1s regulated).

The extent to which the assumption that ¥ equals -B, 1s valid
for the alrplene employed 1s 1llustrated 1n figure T. The frequency
responses of By and ¥ o alleron, rudder, and side-gust inputs are
compered. These frequency responses were obtained anslyticelly by using
estimated derivatives and three degrees of latersl freedam. The analyt-
ical approach was used because, in general, flight tests have not afforded
accurete measurement of the response at the low frequencles where dlscrep-
encies between B, and -¥ occur. The comperlson of the responses of
Bo with -¥ 1n figure T shows that, for side-gust inputs, good agreement
exists at all frequencies and for control-deflection Inputs, good agree-~
ment exlsts above & frequency of 1.5 radlens per second.

Autopilot Geln AdJjustments

In the celculstions the autopllot servos were assumed to be perfect,
and thelr transfer functlons were represented by simple galns, This
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assumption 1s reesonable if the sutopilot-serve frequencies are high with
respect to the natural frequencles of the alrplane-autopilot system.

The gein of the sideslip loop was adjusted to quadruple the direc-
tional stebility of the eirpleme without the autopilot. This stebility
augmentation resulted in spproximately doubling the natural freguency of
the airplane in yaw. The natural frequency (Dutch roll mode) of the
alrplane without the autopilot was about 3 radisns per second.

The galn of the yaw~-rate loop was adjusted s8o0 thaet the damping of
the directlonal oscillation of the augmented airplane wes sufficlient to
reduce the amplitude to 1/5 in 1 cycle. This degree of damping more than
meets current requirements for flying quelities. The roll-angle gain
used in the alleron channel wes limited to the value at which the time
to demp the rolling oscillation (introduced by the roll stebility loop)
was the same as that for the yawing oscillation. The frequency of roll
oscillation was about 5 rasdians per second.  No augmentation to the roll
demping of the basic alrplane was provided.

The galn of the heading signal epplied to the alleron channel was
made 10 times larger then the roll-angle ga.in This gain rélationship
resulted in a steady-state bank engle of 10° for each degree of hesding
error and provided e moderately rapid cha.nse in the course of the air-
plane following a heeding comma.nd

The gain of the yaw-rate signal fed to the fillter of the campenseted
rudder channel was made equal to the filter time constent. This adjust-
ment resulted in compensation not affecting the performence of the side-
s8lip loop during command meneuvers in still elr and provided the seme
loop gein for hesding regulstlon during side-gust dilsturbances as that
which exlsted for the sideslip regulation in command mareuvers. The
fi1lter time constant itself was a variable in the anslysis. The inves-
tigeted range of this time constent was from O to 5 seconds.

The gain values chosen for the varlous loops are presented in the
following table:

Kr,raﬂ.ians/radian./ﬂec...q,..----....-...-.-,0.5
KB’radianB/radian---------..n-ou--.---oo 5
1
0

K, redians/radish .+ o o ¢ ot v c v o v e b e o e a e e e e
m,rﬁims/rwm......-.‘..".....-.'....1

T, Bec L L] L L] L L L] L] L L] L] L L) L] L] L L4 L] L . L] L L] L] L] ® 0, l, 2, 5
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METHOD OF ANALYSIS

he transfer functions releting the roll and yaw responses of the
airplane~-autopilot combination to side gusts were determined in a menner
similer to that deseribed in reference 1. The general epproach used was
that describéd in stendard textbooks on servomechanisms. (See ref. 3,
for exsmple.). The frequency responses to side gusts of the alrplane
motions were determined by substituting 1w for 8 in the system
trensfer functions. The amplitude variation with frequency of the
response to atmospheric turbulence was determined by multiplying the
amplitude ratio of the frequency response by the square root of the power
spectral denslty of the slde-gust component of the atmospheric turbulence.
The power spectral demsity of side gusts was derived from reference 4.

The amplitude of the power spectral demsity of slde gusts is shown
to vary as the Inverse squere of the frequency. The overall level of
the amplitude 1s dependent on the lntensity of the turbulence. The
present aenelysis, however, ls concerned solely with the fregquency varla-
tion of the ailrplane response.

RESULTS

Alrplene With Basic Autopllot

The frequency responses to slde gusts of the alrplane in combination
with the originsl sutopilot are presented in figure 8. The yaw, sideslip,
and roll responses are shown. Although rolling gusts will also produce
disturbences to the lateral motion of an ailrplane, the results reported
In reference 1 show that the rolling-gust disturbences were, In general,
much smaeller then the silde-gust disturbances; therefore, only the latter
dlisturbancee are considered herein. For purposes of comparison, the
corresponding frequency responses of the alrplsne without the aubopllot
are also presented in figure 8.

The responses of the alrplane wlthout the autopllot exhibit e very
sharp resonance pesk which reflects the low demping of the Dutch roll
osclllaetion of the sirplane. With the autopilot instaelled, the yaw-demper
component very effectively reduces this resonance peek. TIn addition, the -
sldeslip-regulation component causes the alrplane to yaw Into the gust
wlth greater tightness than exists with the elirplene slone. This result
1s Indicated by the delsy to higher frequencies of the bulldup in the
sidesllp responses and by the higher peask frequency of the yaw response
when the sutopilot 1s used.
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With the autopilot in operstion, the amplitude of the roll motion.
in response to side gusts is very large. Thils result stems from the
moderately large amplitude of the yaw motion in response to side gusts
and the strong coupling between roll and yaw supplied by the autopllot.
As mentloned previously, the static ratlio of roll to yaw was 10 wilth
the autopllot-equipped airplane. The roll response could be reduced by
reducing the gain of the yaw signal fed into the aileron chammel, but
thie change would proportionately reduce the speed of response to heading
commends. Such possibilitlies are discussed "in the section entitled
"Discussion.” _ .

Alrplane With Gust-Compensating Autopilot

The frequency responses to side gusts of the alrplsne in combination
with the gust-compensating autopllot are presented in figure 9. The
yaw, sideslip, and roll responsee are shown Ffor values of the filter time
constant of the compensating system of 0, 1, 2, end 5 seconds. The orig-
inal autopilot corresponds to a fllter time comnstant T equel to zero.
Corresponding plots showing the statistical amplitude veriation with fre-
quency of the response to actusl turbulence are presented in figure 10. No
amplitude scales are given in this figure because it is beyond the scope
of the present study to predlet the actusl amplitudes for any glven
atmospheric condition; however, the relstive magnitude of the response
of the different systems can be Inferred from these curves. In additlon,
the relative magnitudes of the roll, yaw, and sideslip motlions cen be
established from such ‘calculations. In this connection, the calculated
valuese of yaw and sideslip were increesed by a factor of 5 for presenta-
tion in figure 10 because the importance of the yawing and sildeslipping
motions relative to the rolling motions is believed to be represented
epproximately by thils factor. The curves are termlinsted at the low-
frequency end at approximately ® = 0.7 radian per second. Recent
measurements have shown that the inverse-square varlation of the power
spectral denslity of side gusts holds true for gust wavelengths up to
6,000 feet (which corresponds to a frequency of w = 0.7 radisn per
second for the conditions assumed in this peper). For longer gust
wavelengths, the slope of this curve is reduced and, eventually, the
slope of the power-spectral-density curve goes to zero.

Both figures 9 and 10 show that, except over some low band of fre-
quencles, there 1s s marked reduction in the emplituije of the roll and
Yaw response to slde gusts when the compensation is used. At the peak
frequency of the uncompensated system, the amplitude of theese responses
of the gust~compensating system is ebout 30 percent of that of the
uncompensated system. The reduction is somewhat smeller et lower fre-
quenciee and generally somewhat greater at higher frequencies. At low’
frequencies the behavior of the compensated system approeches that of
the uncompensated system and sidesllp reguletion occurs. The frequency
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band over which this conditlon exists can be veried by varying the filter
time constant. Even with the use of the gust-compemnsating autopllot, the
emplitude of the response to the atmospheric turbulence shows a pronounced
tendency to rise at the lower frequenciles. This result stems from the
inverse-square frequency varlatlon of the power spectrum of side gusts.
Increase In the filter time constant alleviastes this tendency.

In order to camplete the presembtation of system response, the
heading responses to bheading commands for the airplane-autopilot system
are presented in figure 11l. These responses were obtalned by the method
presented in reference 1 and are shown both for a roll-yaw coupling of
10 (the same as that used for the side-gust calculstions) and for a
roll-yaw coupling of three. In the the former case, the bresk frequency
(the frequency at which response rapidly departs from unity) is about
0.45 radien per second; whereas in the latter case, the bresk frequency
is reduced to sbout 0.15 redian per second. The inverse of the bresk-
frequency value represents the time required to reduce a heading error
to roughly one-third of its initial velue. Within the limits of the
agsumptions, the commend responses of the gust-compensating sutopilot
and the original autopllot are the same.

DISCUSSION

Many current and proposed autopilots utilize the principle of the
autopllot used in the present study of applying heading commends to the
alleron channel. Thils approach is employed because & system which causes
the airplene to roll in response to steering error provides the only prec-
tical waey, in en airplane conflguration, to have course chenges closely
follow heading changes, since the only effective method of changing the
course of an airplane 1s to tllt the 11ft vector. By epplyling heeding
commands to the alleron channel, the rudder chennel can be used for side-
slip reguletion. This system, therefore, provides both Incressed
directional stabllity and improved coordinetion during turning msneuvers.
In homing systems, such as automatic interceptors, in which the steering
information 1s obtalned from redsr tracking-line informatlon, the latersl-
steering commend invariasbly goes directly or Indirectly into the ailleron
chennel. TIn rocket-flring Interceptors, where velocity-Jump corrections
are large, raplid response in path to steering error and tight sideslip
regulation are particularly important.

In the system considered herein, 1f the sideslip 1s regulated
perfectly, the course and heading response to lateral-steering commends
are the same; however, in order to obtailn even a moderetely rapld
response, & falrly large roll angle must result from heading errors.
The frequency response presented in flgure 11 for a roll-to-yaw ratio
of 10 corresponds to a response time (time for an indicial error to be
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reduced o 1/20) of about 7 seconds. For a roll-to-yaw ratio of 3 the
response time is over 20 seconds.

In order to evaluate the usefulness of the airplane-autopllot
conbination, consideration must be given to the respomnse to external
dlsturbances such as gusts as well as to the response to commands. It
appears that any system designed to provide rapid course response and
to minimize sideslip would be expected to have an undesirably large roll
response due to side gusts (because of the high required ratio of roll
to yaw) umless special measures are :ancrpora.ted to alleviate this
problem.

The approach examined herein stlll utilizes a high roll-to-yaw
coupling in the asutopllot but alleviates the effects of side-gust dis-
turbances by the simple expedient of keeping the alrplene from yewing
into the gust. Within the limlts that ¥ = -B,, the frequency response

in heading to heading commands of the gust-compensating airplane-autopilot
system should not differ from the response of the original system shown
in figure 1l.

Although sideslip regulation during high-frequency gust dlsturbances
no longer exists in the gust-compensating autopllot, there 1s no spperent
reason why such regulstion is desireble. Evéen in rocket f£iring 1t does
not appear desilrsble to regulate the sldeslip produced by gusts having
periods which ere short compered with the response time of the lateral-
steering system, since control of sideslip under these conditions would
result in throwing the launcher line off the target. A simllar result
eppears true in sutometic lendings. In both cases 1t does appesr ‘desir-
able to regulate sldeslip due to gusts below sdme low velue of frequency,
and 1t may be .noted that the compensating sutopilot provides this feature.
This latter characteristic does tend to produce larger yawlng end rolling
emplitudes in the low-frequency range; however, because of the low fre-~
quency assoclated with these motlions, these larger amplitudes mey not he
objectlionable in most operations.

Although the magnituides of these motions can be reduced by increasing
the f£iiter time constant, the yalue of the time constent mey be limited
by such factors as achievement of deslirable characteristics during twrmns.
For example, 1f the filter time comstant 1s allowed to become very large,
the gust-compmsa:bing autoplilot will a.pproa.c_h e system wherein heading
is regulated in both the roll and yaw chennéls at all freguencies. (See
figs. 6, 9(a), and 10(a).) With this situstion e heeding commend would
cause the aelrplane to roll, but at the seme time the rudder chennel would
operate also to yaw the alrplane in order to reduce the heading exrar.
This mode of ruddexr operation would tend to uncoordinete the tuwrn. If
sldeslip sigoals™wgre not provided and only high-frequency heeding signals
were allowed to pasg;in the rudder chamnel, this unmcoordinated signal
would be avoided, buw % no improvement in the rudder--fixed-~turn coordination
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of the baslc ailrplane would be afforded. Providing low-frequency side-
8lip signals In the rudder channel affords Improvement in the turn coor-
dinetion. These charscteristics sre inherent in the system described
herein, and the essentlal features could be mechenized slso by several
other means. With regard to the present system, it eppears that £flight
experience would be useful in establishing the most sulteble wvalue of
the filter time constant.

In many current autopllots, improved turn coocrdination is obtained
through regulation of side force rather than sideslip. Apparently, the
use of slde-force regulation stems primerily from the ease with which
e silde-force measurement can be mechanlzed. The gust-compensating plan
discussed herein 1s equally applicaeble vwhere side force is the feedback
quantity in the outer loop of the rudder chamnel. In this case, in
accordence with the operation outlined in the section entitled "Gust-
Compenseting Autopllot,” side force would be regulated at low frequencies
for both gusts and command inputs, whereess heading (end sideslip for
command inputs) would be regulated at high frequencies.

CONCTUDING REMARKS

A previous study (NACA TN 3603) showed that the basic type of
alrplene-autopllot system investlgeted 1in the present paper provided a
good course response to lateral-steering commands snd greatly reduced
the gust response of the Dutch roll mode, but that, in its basic form,
the system had undesirebly large side-gust responses in roll end yaw over
a wlde frequency range. The present study, which 1s epplied to a given
flight conditlon, shows that compensation for side gusts epplied solely
to the rudder chammel materially reduced these gust responses without
effecting the command response. Some further work to establish the
detalled operaeting characteristics of the gust-compensaeting system at
low frequencles appears werranted.

Lengley Aeronsutical Iseboratory,
Netionsl Advisory Committie for Aeronasutics,
Lengley Fleld, Va., December 29, 1955.
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TABLE I
CHARACTERTISTICS OF AIRFLANE IN CALCULATIONS

Physical characteristlcs:
wei@-t, 1b L] L] L] L] L] L] L L] L] a L ] -« L L] L ] - L] L L] L] L - - L L 12 600
Radius of gyratiom, ky, £t 1’l-.30

Redius of gyration, ky, ft

7T.91

Wing area, 8@ £t ¢« o« ¢ ¢ ¢ ¢ ¢ o ¢ ¢ o o s ¢ o s o o o o o & 250
Verticel-tall area, s@ £ « « « = ¢ ¢« o o ¢ ¢ s ¢ ¢« o o « & 55
Wing span, £5 . « & ¢ ¢ o ¢ ¢« c o o o s ¢ o o o o s a o 5 o 35.25
Horizontel-tall lengbh, £t . o ¢ ¢« ¢« ¢ = ¢ s o ¢ o = o = o« & 15

Distance fram thrust line to cemter of area of
mtica].t&ﬂ.’ ft a 8 e & ® 6 » & ®© e € © ® o ® & & o o @ 5-32

Flight condltlions:

Alrspeed, £E/BEC « ¢ « ¢ « ¢ ¢ ¢ ¢ o o o o o s s s o s o o e 695
Abitude, £ ¢« ¢ ¢ ¢« o o o« ¢ s o e « s o o « o o s o« s « o &« 30,000
Mach Nummber « o « o o s « o o o« o o « o o o o & 3 s s o » o 0.7

Nondimensional data

H o ¢ o o« o o

Zx. » & o

£ « 5 K. 71
KZ o ¢ « o « o o o o o o e s e s e o s s a s o s oo e 0.,01485
KZZ o o o ¢ o o o o o s o o s o o « o o o o o e s s o s 0,050k
KR, o« = o = o s = a o s o o s s 2 e« s a o s oo s o« o =0.00062

CL s ® e @ e @ & @& s 8 @ e & O # & & 8 e e & & & o » > = » o . 2""2



16 NACA TN 3635
TARTE IT
ATRPIANE STABILTTY PARAMETERS

Stabllity derivatives:

cYﬁ .......... -0.58 an2¢ .......... 0.0147
Cypg = -« - - . o anP-b e e e e s e e e 0.020%
Clp o o o o o o o o o o 0.45 Cngy, =+ = o == =% o o ~0.077
cwab .......... o] CzB .......... -0.115
Cyrt .......... -0.013 chﬁ ........ . o]
CYD2¢ ........... 0.0446 C'Lrw-b .......... 0.004
cYDPt .......... ~-0.050 C"'rt e e e s e o o s 0.05
Cnﬁ e e ee e e s 0.12 Czpwb .......... «0.45
Cn:D’3 .......... 0 Czpb .......... 0
Chopr o o o o ¢ s o o o o -0. 247 CzD2¢ o« o ~0.005
cnpwb .......... -0.039 chp-l-, : e s s e s s » ~0.005
cnPt .......... 0.004 018a ........... . ~0.086

do oo
3 0 W 0.1
Transfer functions:
¥ Cng, -0.077

O

1
¥ Cnp + 5 CnyD

" a0 - L On,D + Cng ~ 0.013082 + 0.003738 + 0.12

0.12 - 0.00373s

EE " 2uKz2D2 - -écnrn + Cng - 0.01_3032 + 0.005T3s + 0.12

¢ . Cig,

0.086

CzB

Ba - 2411({252 - Ja-czpn B 0.00368282 + 0.011ks

~0.115

B - amxapa - ]2- CzPD ) 0.0038252 + 0.011l%s
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Figure 2.- Freguency response of the airplane in combination with the
baslec autopilot. comparisor 1s shown between the results obtalned
by using a three-degree-of-freedom analysis and the simplified analysis
used in this paper. .
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Flgure 4.- Block dlagram of simplified version of basic airplane-autopilot
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- Flgure 5.- Block dlagram of gust-compensating airplane-autopilot system.
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(a) Frequency responses of airplane to aileron deflection.

Figure T.- Three-degree-of-freedom freguency responses of alrplane
showlng comparison between ¥ and B, and responses to alleron,

rudder, and side-gust inputs.
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-(b) Frequency responses of sirplane to rudder deflection.

Figure T.~- Continued.
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Flgure T.- Concluded.
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(a) Response of yaw angle ¥ to side gusts Bg.

Figure 8.~ Frequency responses to side gusts of airplane slone (airplane
without sutopilot) and of airplane in combination with basic auto-
pllot. The effect of the originanl autoplilot on the eirplane response
is shown.
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(b) Response of sideslip B to side gusts Bg.

Figure 8.- Continued.
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(c) Response of roll angle § to side gusts Bge

Figure 8.- Concluded.
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(e) Response of yaw angle ¥ 1o slde gusts Bg-

Figure 9.- Frequency responses of the airplane-autoplilot system to side
gusts for various values of the filter tlme constant of the gust-
compenssting autopllot system. The response of the original alrplane-
autopilot system 1s compared with the gust-compensating airplane-
sutopllot system. Original autopilot corresponds to T = Q.
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Figure 9.~ Continued.
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(c) Response of roll angle ¢ to side gusts Bg-

Figure 9.~ Concluded.
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(a) Amplitude yariation of yav angle ¥ With frequency.
Figure 10.= Amplitude variation with frequency of motion of the guat~
compenaa.tins e.irplane—autopilot systenm when aisturbed by the glde~
+ component of atmospheric turbulence. The amplitudza of ¥ end
g are presented with five timea the geale of the emplitude of 9.
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(v) Amplitude veriation of sideslip angle B with frequency.

Figure 10.- Continued.
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(¢) Amplitude variation of roll angle @ with frequency.

Figure 10.~ Concluded.
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Figure 11.- Frequency response in heading to heading commands for the
alirplene-sutopllot system for two different gain settings of the
autopllot heading signal.
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